In this study, an in vitro device that mimics the oral phase of swallowing is calibrated using in vivo measurements. The oral flow behavior of different Newtonian and non-Newtonian solutions is then investigated in vitro, revealing that shear-thinning thickeners used in the treatment of dysphagia behave very similarly to low-viscosity Newtonian liquids during active swallowing, but provide better control of the bolus before the swallow is initiated. A theoretical model is used to interpret the experimental results and enables the identification of two dynamical regimes for the flow of the bolus: first, an inertial regime of constant acceleration dependent on the applied force and system inertia, possibly followed by a viscous regime in which the viscosity governs the constant velocity of the bolus. This mechanistic understanding provides a plausible explanation for similarities and differences in swallowing performance of shear-thinning and individuals with poor tongue strength are more sensitive to overly thickened boluses. The model also suggests that while the effects of system inertia are significant, the density of the bolus itself plays a negligible role in its dynamics.
Introduction
Swallowing disorders (dysphagia) can be caused by several conditions such as stroke, dementia, neurological diseases or head and neck cancer. Dysphagia is considered the main cause of post-stroke pneumonia that affects about 20% of stroke patients (Scheitz et al., 2015) and causes more than 10% of post-stroke 5 deaths (Koennecke et al., 2011) . More generally, in elderly dysphagia can result in food and drink avoidance leading to malnutrition and dehydration.
Several approaches exist to manage dysphagia, one of the most popular being the use of thickeners to increase the viscosity of thin drinks, resulting in shear-thinning liquids. A review of their efficacy and limitations can be found although providing a safe initial swallow, are likely to provide post-swallow complications.
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Clearly, the physical act of forming and then swallowing a liquid bolus is exquisitely complicated and requires precise coordination of many muscles in order to avoid catastrophic failure. From the mechanistic standpoint, the kinematics and dynamics of single muscles involved in mastication and/or swallowing are still the object of active research (Weickenmeier et al., 2016) and it is 25 a formidable challenge to describe realistically all organs and tissues moving during these food oral processes.
The clinical observation of subjects is usually carried out by one of two popular techniques: fiberoptic endoscopic evaluation of swallowing (FEES, see Hiss and Postma, 2003) , which involves insertion of an instrumented catheter 30 through the nose, or videofluoroscopic swallowing study (VFFS, see Logemann, 1998) , which is an X-ray based video technique. Both of these techniques are cumbersome and invasive: insertion of a catheter will certainly perturb the flow, and likely the physiology, and radiation exposure limits repeats and studies on healthy individuals. There are several other techniques available, but they also 35 have significant drawbacks. For this reason, the concept of in vitro swallowing experiments is beguiling, and many things can be learned from this approach, despite the difficulty of matching the biophysical reality exactly. In this article an in vitro 'swallowing simulator' is presented, which mimics some aspects of the in vivo swallow, and enables quantitative measurements and comparisons 40 of the oral flow of different types of liquids. To be absolutely clear, this should not be considered as an alternative to clinical research. However, judicious use of in vitro experiments like those detailed here could allow for improved understanding of the relative significance of different effects, leading to stronger and tighter focused hypotheses that can subsequently be tested in vivo.
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To put our current findings into context, we first present a very short review of the most relevant literature.
A simple and mechanistic theory of the oral phase of swallowing was initially proposed by Nicosia and Robbins (2001) . This theory considered the transient motion of two approaching parallel plates as a model for the tongue and the 50 palate. De Loubens et al. (2010 Loubens et al. ( , 2011 later introduced an in vitro pharyngeal peristalsis simulator and a theory to study the thin film left on the pharyngeal mucosa after a swallow, this time using two rolling cylinders to model the peristaltic action of the tongue against the pharyngeal wall.
The above studies only considered the flow of Newtonian liquids and did not This study extends the scope of the latter by using in vivo observations to determine an appropriate value of the mechanical inertia of the in vitro swal-70 lowing simulator. The behavior of shear-thinning liquids is then investigated in the calibrated device and compared to that of Newtonian liquids. Finally, the theoretical model is extended and refined and a novel mechanistic interpretation of the experimental results is proposed through the identification of two dynamical regimes. This interpretation also leads to a novel explanation for This study is presented as follows. In section 2 we describe the experimental device, select test fluids and the in vivo experiments used to calibrate the swallowing simulator. Section 3 describes the full theory and a simplified 80 model. Section 4 describes the results obtained, the implications of which are then discussed is section 5, before drawing some conclusions in section 6.
Materials and methods

In vitro swallowing simulator
During this study we further developed a mechanical, in vitro device designed 85 to study and understand the flow of a liquid induced by the movement of the tongue during the oral phase of swallowing. This device, shown in Figure 1 , is based on a mouth-sized in vitro experiment initially designed by Mackley et al. (2013) and later improved by Hayoun et al. (2015) . Without having the ambition of reproducing faithfully the in vivo process, the objective of this 90 study was to capture two essential features of the mouth and tongue. A thin and flexible polyethylene membrane is attached to the "palate" and contains the liquid, representing the oral cavity. A roller attached to a rotating arm is driven by a weight and mimics the driving pressure applied by the tongue to the bolus, propelling the liquid through the oral cavity. The effect of gravity on 95 the rotating arm is cancelled out by a counterweight. Different driving forces F lead to different pressures applied on the liquid, which can be computed as illustrated in Hayoun et al. (2015) .
A significant improvement made to the model experiment in this current study, with respect to the experiment used in Hayoun et al. (2015) , consists 100 of the possibility of varying the total moment of inertia I tot of the rotating arm, roller and counterweight assembly. To that effect, two radially opposed rods, each carrying an offset mass, can be attached to the rotating arm. In the physiological context, I tot accounts for the combined inertia of all the tissues and organs involved in a swallow, including the tongue, the larynx, the hyoid bone 105 and the associated muscles and soft tissues. Due to the non-rigid body motion, the inertia of the tissues is difficult to estimate and we take the approach of calibrating I tot using in vivo observations, as described later in Section 4. Other improvements to the in vitro device include the use of an inert polyethylene film instead of a porous dialysis tube, and the use of an inextensible steel string to 
In vivo measurements
In vivo measurements were realized using a Siemens Acuson SC2000 echographer and a 8v3c curvilinear probe. Subjects were asked to swallow liquid boluses of volume 10 ml in one go, whilst holding an ultrasonic probe against their throat. The device allowed either to record a video of the bolus flow during the swallow, or to measure the velocities of the fluid by Doppler effect. Video 2013). In this study, TUC solutions were prepared with deionized water in different concentrations that are commonly used by dysphagic subjects, namely 0.6%wt to 3.6%wt. These concentrations were used both in the in vitro experiment and in vivo measurements. Finally, a ready to use contrast agent widely used for the videofluoroscopy assessment of dysphagia was considered,
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E-Z-PAQUE 41% w/w. While all other solutions have similar density to water, this contrast agent has a much higher density ρ = 1420 kg/m 3 . The rheology of these shear-thinning liquids was characterized with the same protocol used for Newtonian liquids and the dependence of viscosity with the shear rate is illustrated in Figure 2 . Newton's second law, leading to the following differential equation governing the time evolution of the roller angular velocity ω =θ :
where I tot is the moment of inertia of the rotating arm, roller, counterweight and (possibly) offset masses assembly, I bolus that of the bolus with respect to the center of rotation and F is the driving force provided by the weight suspended by The theory presented in Hayoun et al. (2015) was improved by considering the effect of gravity, represented by the last term in Equation (1). In order to take into account the large range of Reynolds numbers possible in the bolus flow, the dissipation force F d (ρ, η, ω) is now computed from a computational fluid dynamics (CFD) simulation of the flow within the bolus, as described in the Appendix. This leads to the following expression for the dissipation force
where Re = ρHr B ω/η is the Reynolds number of the flow within the bolus, f (Re) is the dimensionless dissipation force retrieved from the CFD and α = 10.6 is a correction factor that was obtained by fitting the CFD results to the 190 experimental data.
The theory shows that the dynamics of the bolus involves not only the flow within the bolus through the dissipation force, but also the motion of the rotating arm. It is thus important to consider the relative sizes of the bolus fluid inertia I bolus and the inertia I tot of the device itself, which we will refer to 195 as system inertia. The fluid inertia is important in determining the apparent Reynolds number of the bolus flow, but it is very small relative to the inertia of the whole system. In the real, physiological context, the system inertia is a proxy for the mass of the tongue, hyoid bone and pharynx, which clearly is highly significant in controlling the overall dynamics, although very difficult 200 to directly measure. Later, we will obtain an approximate value for this by calibrating against in vivo flow measurements.
This analysis also shows that the Reynolds number is not sufficient to describe the dynamics of the bolus, since it only considers the flow within the bolus, hence affecting only the dissipation force. In the next section, a sim-205 plified theory enables the identification of different dynamical regimes for the bolus and we introduce a relevant dimensionless variable for the description of these regimes.
Simplified theoretical model
In the following section, it will be shown that the full theory introduced in
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Equation (1) shows very good quantitative agreement with the experimental results. However, the presence of the numerically computed dissipation force The simplified theory relies on the three following simplifications: (i) we consider the low-Re, linear expression for the dissipation force F d , (ii) we neglect the minimum driving force F min and (iii) we neglect the gravitational force on the bolus. These simplifications, which do not alter the qualitative relevance of the model in describing the dynamics of the bolus, lead to the following differential equation :
where q1 = 74.18 results from a fitting of the CFD results described in the Appendix at low Re.
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The following analytical solution for the time-dependent dynamics of the bolus can be conveniently obtained :
where t is the time since the beginning of the swallow, and the characteristic time t * and velocity ω * are defined as
This closed form solution for the dynamics of the bolus provides us with considerable insight into the behavior of the system. Considering Equation (4) in the limit of small and large times leads to two asymptotic dynamical regimes.
When t/t * 1, the solution for ω reduces to an inertial regime of constant acceleration, governed by the total inertia of the system and independent of the liquid viscosity :ω
When t/t * 1, the angular velocity ω tends to a constant value governed by the viscosity of the liquid, defining a viscous regime :
Furthermore, the oral transit time t end of the bolus can be deduced from Equation (4). Integrating the expression for ω(t) with respect to time and setting θ(t = t end ) = θ end leads to the following equation for t end :
This analysis reveals that the oral dynamics of the bolus is a two-stage process consisting first of an inertial regime dominated by total system inertia,
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possibly followed by a viscous regime dominated by liquid viscosity, with t * being the characteristic inertial-viscous transition time between the two regimes.
Comparing the oral transit time t end of the bolus with this characteristic transition time leads to a dimensionless quantity t end /t * that measures the predominance of the viscous regime over the swallow. In other words, t end /t * quantifies 230 the relative importance of viscous effects over inertial effects during the swallow i.e. the sensitivity of the transit time to viscosity. In Section 5, we will investigate how t end and t end /t * vary with the driving force and system inertia, from which we will draw physiological conclusions. Furthermore, the inertial and viscous regimes will allow us to explain the behavior of shear-thinning liquids. 
Results
Calibrating the inertia of the in vitro experiment using in vivo observations
As mentioned in the theory section, it is quite difficult to estimate the inertia of all the organs moving during swallowing, so the approach of lumping these into an effective system inertia I tot was privileged. To this end, the bolus oral with in vivo measurements from several past studies (Yokoyama et al., 2014; Nicosia et al., 2000; Youmans and Stierwalt, 2006) . This in vitro configuration is therefore selected to reproduce the in vivo observations. Other in vitro configurations with different moments of inertia have been tested, but they compared 255 less favourably with in vivo observations. These results are not included here for brevity, but will be discussed in Section 5.
Newtonian fluids
In Figure 4 , the in vivo and the in vitro swallow of low viscosity Newtonian liquids of similar viscosity are qualitatively compared. It can be observed that E-Z-PAQUE and TUC 2.4% flow more slowly than these solutions, but similarly to one another which is remarkable considering the 42% higher density of E-Z-PAQUE.
Unlike thin Newtonian liquids, uncontrolled leaking before the in vitro swal-305 low has never been observed with shear-thinning liquids, presumably due to their significant zero-shear viscosities. The in vitro results suggest therefore that the main advantage of thickeners, during the oral phase of swallowing, might be to avoid this undesired 'spillover', rather than slowing down the bolus flow. 
Discussion
Effects of the applied force and system inertia
The effects of changing the in vitro system inertia and driving force on transit times and their sensitivity to viscosity were evaluated experimentally in Section 4.2. Some, albeit not large, degree of physiological variation of system inertia 315 and driving force does also occur in humans, for instance between children and adults or as a result of surgery in the treatment of cancer. In this section, the effect of these two parameters is thus investigated in more detail using the theoretical model. to realistic transit times and sensitivity to viscosity.
Physiological implications
There are physiologically relevant conclusions to be drawn from the understanding obtained in the previous section, since the applied force can be attributed to tongue strength. Consequently, individuals who have poor tongue 355 strength are likely to experience longer transit times than those with normal tongue strength. In addition, in those individuals the oral transit time of the bolus will be more sensitive to its rheology, meaning that overly thickened boluses are more likely to induce potentially hazardous fluid residue and bad swallowing efficiency, as discussed in the introduction and previously observed in 360 vitro (Hayoun et al., 2015) .
Another area that warrants a comment is the widespread belief amongst clinicians that fluid density is an important parameter in determining swallowing dynamics. Our study shows that, although inertia is important for a significant proportion of the unsteady swallowing flow, it is not only the fluid inertia but Iso-force and iso-inertia curves from the full theory are also represented, using continuous lines. In vivo results are indicated by a blue square.
at least an order of magnitude greater than I bolus ∼ 2 · 10 −5 kg m 2 , we find no evidence that changing the bolus density would have a significant effect on swallowing, at least from the perspective of bolus propulsion in the mouth. This is confirmed by our experimental results with E-Z-PAQUE, which rheology 370 is in between TUC solutions at 1.2 and 2.4%, but has 42% higher density.
Despite this substantial increase in bolus density, it shows in Figure 5 very similar dynamics to the TUC solutions. These observations support the use of thickeners that match the rheological properties of contrast agents used to diagnose dysphagia. There could be other effects that we do not consider in the 375 current study where fluid inertia is indeed important. One such area could be the inertial flow of the bolus over the epiglottis (Burbidge et al., 2016) .
Behavior of shear-thinning thickeners for the treatment of dysphagia
In vitro results from Figure 5 have shown that TUC solutions display transit times similar to low-mid viscosity Newtonian liquids. This behavior is now 380 explained in light of the inertial and viscous regimes identified by the model.
At the beginning of the in vitro swallow, system inertia dominates over viscous dissipation, hence the high viscosity of shear-thinning thickeners at low shear rates does not influence significantly the transit time. It is only during the subsequent viscous regime that the viscous contribution becomes predominant.
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As a result, the transit time of shear-thinning thickeners is controlled by their high-shear-rate viscosity. An estimate for the wall shear ratesγ experienced in the bolus during the viscous regime can be retrieved from the oral phase exit velocities of TUC solutions (Figure 6b ). Considering the laminar velocity profile for a circular pipe of a shear-thinning fluid with rheology η = Kγ n−1 and the 390 power-law coefficients summarized in Table 1 , a wall shear rateγ ∼ 500−800 s can be calculated for different TUC concentrations. Figure 2 reveals that at these shear rates TUC solutions have an apparent viscosity equivalent to that of low to mid viscosity Newtonian liquids, explaining why they flow similarly. On the other hand, the benefits of using shear-thinning liquids in treating 395 dysphagia become clear when considering the spillover problem illustrated in the inset of Figure 3a . This undesired effect was indeed observed with Newtonian liquids of low to mid viscosity, but never happened with TUC solutions because of their high viscosity at low shear rate. A mechanically plausible explanation of the swallowing performance of shear-thinning liquids is therefore that they 400 provide the subject with better control of the bolus before initiating the swallow.
Conclusions
In this study, an in vitro device that mimics the oral phase of swallowing was calibrated with in vivo ultrasound observations and enabled a mechanistic interpretation of the dynamics of the bolus during oral swallowing. Combined with 405 in vitro experiments, this approach clarifies important aspects of the biomechanics of swallowing and the role played by shear-thinning thickeners in the treatment of dysphagia.
The motion of the bolus during the oral phase of swallowing can be described by two distinct dynamical regimes: first, an inertial regime of constant accel-410 eration proportional to the applied force and inversely proportional to system inertia, possibly followed a viscous regime in which the viscosity governs the constant velocity of the bolus. Hence, the flow of shear-thinning thickeners is governed by their high-shear-rate viscosity, and they indeed behave similarly to low-viscosity Newtonian liquids. However, these liquids are not affected by 415 an unwanted spillover effect observed with thin Newtonian liquids, and as such they provide better control of the bolus before the swallow is triggered.
Another conclusion from our study is that lower driving forces result in longer transit times and higher sensitivity to viscosity. From a physiological standpoint, this means that individuals with poor tongue strength are more 420 likely to experience longer transit times and might be more sensitive to overly thickened boluses, resulting in bad swallowing efficiency.
Finally, the study reveals that the effect of system inertia is significant, hence in future research the anatomical differences between adults and children should be quantified and inertia differences considered when designing dysphagia 425 thickeners. On the other hand, the density of the bolus is shown to play a negligible role in its dynamics. This suggests that the effect of the higher density of contrast agents can be neglected, and contrast agent that are rheologically matched to thickener solutions present the same oral swallowing dynamics.
Insights provided by in vitro experiments and theory can guide the design 430 of novel thickener formulations and help identifying the most promising formulations for clinical evaluations.
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Appendix. Computation of the dissipation force in the full theory
440
This appendix describes the way the dissipation force F d (ρ, η, ω) was computed from a computational fluid dynamics (CFD) simulation of the flow within the bolus. In the case of a very flexible membrane, such as the one considered in this study, the drag force has been shown in Takagi and Balmforth (2011) to be provided purely by the fluid pressure and determined by the flow within the bolus. While Hayoun et al. (2015) have considered a linear dependency of F d in ω, other studies (Brown and Hung, 1977; Takabatake and Ayukawa, 1982) have shown that this is valid only at low Reynolds numbers Re. At higher Re (typically reached for lower viscosity liquids), it becomes necessary to account for inertial effects in the fluid. To that effect, F d was computed using a COM-SOL finite element simulation of the bolus flow, in the configuration shown in Figure 9 . The Navier-Stokes equations were solved in the reference frame translating at the velocity r B ω of the bolus, leading to a time invariant geometry.
A tangential velocity with horizontal component equal to −r B ω was imposed at the top wall, while a symmetry condition was imposed at the bottom wall.
Equal pressures were imposed at the inlet and outlet. Lengths were normalized by the bolus height H, the pressure by ρr 2 B ω 2 , leading to Re = ρHr B ω/η.
Integrating the horizontal component of the pressure applied by the fluid to the wall along the contact line with the roller, the non-dimensional dissipation force acting on the roller f (Re) was computed as a single function of Re. This resulted in the following expression for the dimensional force:
where α = 10.6 is a correction factor for the dissipation term that was obtained by fitting the theory to the experimental data. Figure 9 shows that the dimensionless dissipation force depends linearly on the velocity at low Re and quadratically at high Re, as expected from a simple scaling analysis. 
